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NOTICE T h i s r e p o r t w a s prepared a s a n account of work.sponsored by t h e United S t a t e s Government. N e i t h e r t h e United S t a t e s . n o r t h e United S t a t e s Department o f Energy, n o r any of t h e i r employees, n o r any of t h e i r c o n t r a c t o r s , s u b c o n t r a c t o r s , o r t h e i r employees, makes any warranty, expressed o r i m p l i e d , o r assumes any l e g a l l i a b i l i t y o r r e s p o n s i b i l i t y f o r t h e accuracy, completeness., o r u s e f u l n e s s of any i n f o r m a t i o n , a p p a r a t u s , . . . . . . D i e l e c t r i c power conversion i s a proposed method of t r a n s f o r m i n g t h e r m a l energy i n t o e l e c t r i c power d i r e c t l y , by u s i n g a d i e l e c t r i c ' m a t e r i a l . .
p r o d u c t o r p r o c e s s d i s c l o s e d o r r e p r e s e n t s t h a t i t s u s e would n o t i n f r i n g e p r i v a t e l y owned r i g h t s .

X-ray D i f f r a c t i o n Data f o r S p u t t e r e d PZT
X-ray D i f f r a c t i o n Data f o r HS
a s t h e h e a t exchange medium. P r e v i o u s i n d i c a t e d d i f f e r i n g theor e t i c a l e f f i c i e n c i e s f o r t h i s p r o c e s s , depending upon t h e n a t u r e o f t h e d i e l e c t r i c m a t e r i a l , t h e r e v e r s i b i l i t y of t h e c y c l c , and t h e concept of s t a g i n g . The h i g h e s t e f f i c i e n c i e s p e r s t a g e / s e c t i o n were approximately 1
t o 2% when. o p t i m i s t i c m a t e r i a l parameters were used i n t h e c a l c u l a t i o n s .
F i g u r e of M e r i t
A f i g u r e of m e r i t , p r o p o r t i o n a l ' t o e f f i c i e n c y , i s g i v e n by t h e . . e x p r e s s i o n M = $ P 2 / 4~ , where B i s t h e ' t e m p e r a t u r e dependence of t h e re-
c i p r o c a l d i e l e c t r i c s u s c e p t i b i l i t y above t h e C u r i e p o i n t (and i s t h e same -a s t h e f i r s t c o e f f i c i e n t i n t h e Devonshire polynomial), P t h e spontaneous s ' p o l a r i z a t i o n , and C t h e h e a t c a p a c i t y a t c o n s t a n t p o l a r i z a t i o n . The p o l a r i -P' 2 z a t i o n parameter squared ( P ) dominates t h e f i g u r e of m e r i t f o r most cera-S mic m a t e r i a l s . T h i s charge must b e r e l e a s e d a t s e v e r a l d i f f e r e n t temperatures s o a s t o s u c c e s s f u l l y o p e r a t e a m u l t i s t a g e c o n v e r t e r . A d d i t i o n a l m a t e r i a l c o n s t r a i n t s ( u n r e l a t e d t o thermodynamic e f f i c i e n c y ) a r e requirements f o r h i g h r e s i s t i v i t y , low c o e r c i v e f i e l d s , f a s t s w i t c h i n g times, chemical s t a b i l i t y , good h e a t t r a n s f e r c h a r a c t e r i s t i c s , p r o d u c i b i l i t y , and r e a s o n a b l e c o s t .
Both t h e o r e t i c a l and p r a c t i c a l requirements have l e d t o a m a t e r i a l s development program which i s t h e s u b j e c t of t h i s r e p o r t .
B. M a t e r i a l s of P o s s i b l e Use 1. E a r l y Defined M a t e r i a l s It was recognized e a r l y o n i n t h i s prograrn'that. f e r r o e l e c t r i c materials w i t h h i g h spontaneous p o l a r i z a t i o n s were good c a n d i d a t e m a t e r i a l s f o r d i e l e c t r i c power conversion. They were p r e v i o u s l y r e p o r t e d , ' 5 y 6 and ' i n c l u d e d s e v e r a l n i o b a t e s and t a n t a l a t e s , BaTiOg, l e a d z i r c o n a t e -t i t a n a t e s ( w i t h a d d i t i v e s of lanthanum and t i n ) , KDP, NaN02, and l e a d germanate.
A d d i t i o n a l M a t e r i a l s
Current and o l d e r l i t e r a t u r e i s c o n t i n u a l l y b e i n g e v a l u a t e d f o r addit i o n a l materials of p o s s i b l e i n t e r e s t . ' Chief among t h e s e w e r e B i ( N a Y K )~i 0 7 2 6 and v a r i o u s r a r e -e a r t h t i t a n a t e -n i o b a t e s ; 8 which were r e p o r t e d t o . have h i g h spontaneous p o l a r i z a t i o ?~. S e v e r a l mixed oxide l a y e r s t r u c t u r e 9 compounds w e r e a l s o e v a l u a t e d , b u t t h e d a t a d i d n o t show enough encouragement f o r cont i n u a t i o n o f t h e work.
MATEKIALS SELECTED FOR DEVELOPMENT
M a t e r i a l s s e l e c t e d i n t h i s program were t h o s e which could be expected t o have u s e f u l Curie temperatures (T ) , r e s i s t i v i t i e s ( p ) , c o e r c i v e -C -f i e . l d s (Ec), and Devonshire c o e f f i c i e n t s ( 8 ) .
A . PZT
A g r e a t d e a l of -information i s a v a i l a b l e i n t h e l i t e r a t u r e on t h e l e a d -z i r c o n i a -t i t a n i a system (PZT), b o t h a c r o s s i t s compositional range and w i t h a d d i t i v e s .
I n t h e undoped m a t e r i a l , t h r e e a r e a s of i n t e r e s t e x i s t : s e r t y m a n i p u l a t i o n , and seemed worthy of t n v e s t i g a t i o n .
P v a l u e s on s e v e r a l r a r e e a r t h t i t a n o -n i o b a t e s , as determined by S 8 n o n -h y s t e r e s i s measurements, were r e p o r t e d by Russian workers t o be extremely T a n t a l a t e s and Niobates
With t h e e x c e p t i o n of a n t i f e r r o e l e c t r i c NaNbO most of t h e t a n t a -
'
laees and n i o b a t e s a r e s t r o n g l y f e r r o e l e c t r i c ( e x c e p t ICTaO ) . Most of t h e s e 3 m a t e r i a l s h a v e high T and E ( e . g . , LiTa03). P r a c t i c a l problems occur on , Thin f i l m s were s p u t t e r e d a t Iowa S t a t e U n i v e r s i t y , e v a l u a t e d a t t h e Univers i t y of I l l i n o i s , and s u p p l i e d t o Power Conversion Technology.
FORMING AND PROCESSING
Due t o t h e number of m a t e r i a l s e v a l u a t e d i n t h i s program, v a r i o u s p r o c e s s i n g t e c h n i q u e s were necessary.
A . S i n t e r i n g S i n t e r i n g i s a p r o c e s s of d e n s i f i c a t i o n f o r powder compacts (below
t h e m e l t i n g p o i n t ) by one o r more a t o m i s t i c a l l y based mass t r a n s p o r t pro- 
B. Atmosphere C o n t r o l S i n t e r i n g , is complicated i f t h e m a t e r i a l being d e n s i f i e d t e n d s t o v a p o r i z e o r r e a c t s e l e c t i v e l y w i t h t h e c o n t a i
T h i s tendency t o l o o s e P~O may b e prevented, by satu.rAting t h e vapor w i t h a m a t e r i a l having a h i g h e r l e a d o x i d e vapor p r e s s u r e t h a n t h e PZT b e i n g s i n -
t e r e d .
C. Hot P r e s s i n g A l k a l i n i o b a t e s and t a n t a l a t e s a r e s u b j e c t t o l o s s of v o l a t i l e a l k a l i e s , which i s d e t r i m e n t a l t o t h e s t r u c~u r a l i n t e g r i t y of t h e m a t e r i a l .
Hot p r e s s i n g a i d s i n t h e d e n s i f i c a t i o n of t h e r e f r a c t o r y mixed o x i d e s . Hot p r e s s i n g a l s o a i d s i n t h e d e n s i f i c a t i o n of PZT compositions. Simultaneous
a p p l i c a t i o n of p r e s s u r e reduces f i r i n g temperature by a t l e a s t 100°C. The r e s u l t i s a f i n e g r a i n dense m i c r o s t r u c t u r e . While f i n e g r a i n s i z e s ( e . g . , 1 pm) a r e d e s i r a b l e i n most ceramic m a t e r i a l s , t h e r e i s a prepbnderance of . e v i d e n c e t h a t i n d i c a t e s PZT ceramics have h i g h e r p o l a r i z a t i o n s only when t h e y h a v e l a r g e g r a i n s i z e s (e.g. ,, 10 pm). Thus, a two s t a g e f i r i n g p r o c e s s was developed, where ( i ) . h o t p r e s s i n g i n i t i a l l y e l i m i n a t e d p o r o s i t y and densif i e d
t h e ceramics, and ( i i ) a f i n a l h i g h . t e m p e r a t u r e h e a t t r e a t m e n t w a s used t o . . promote and c o n t r o l g r a i n growth.
D. ~i~u i d Phase S i n t e r i n g S i n t e r i n g . i n t h e p r e s e n c e of a l i q u i d phase i s used t o o b t a i n d e n s i f i c a t i o n a t g r e a t l y reduced temperatures. Such t e c h n i q u e s a r e categor i z e d as t o whether t h e l i q u i d i s homogeneous o r heterogeneous w i t h i t s h o s t . Heterogeneous l i q u i d s r e a c t l i t t l e , i f any, and u s u a l l y r e q u i r e h i g h volume f r a c t i o n s t o b e . e f f e c t i v e . The mechanism of d e n s i f i c a t i o n i s rearrangement o f p a r t i c l e s . Homogeneous, o r r e a c t i v e l t q u i d s , can enhance d i f f u s i o n r a t e s , and a c h i e v e d e n s i f i c a t i o n a t low c o n c e n t r a t i o n s . T h i s t y p e o f l i q u i d may sometimes b e removed i n s i n t e r i n g by v o l a t i l i z a t i o n .
Many p r a c t i c a l ceramic p r o c e s s i n g methods combine one o r more of t h e aforementioned t e c h n i q u e s , and t h i s was t h e c a s e . i n the presenk r e s e a r c h and development program.
E. Wafering
Large s o l i d s i n t e r e d samples were s l i c e d i n t o 0.025 cm s e c t i o n s by a diamond saw, and p o l i s h e d by hand on p o l i s h i n g paper. The r e s u l t i n g w a f e r s were uniform i n t h i c k n e s s , 5 0'.0015 cm. 
F. E l e c t r o d i n g E l e c t r o d e s were a p p l i e d t o t h i n n e d ceramic w a f e r s by s p u t t e r i n g
.
. .
s i l v e r loaded g l u e s and epoxies. Each t y p e of e l e c t r o d e a p p l i c a t i o n was found t o have v a r i o u s advantages and disadvantages. Vaporization prov i d e d t h e l e a s t p o s s i b l e contamination, b u t was slow and r e q u i r e d masking.
S p u t t e r i n g was f a s t and f r e e from contamination. Both of t h e s e t e c h n i q u e s t e c h n i q u e s , w i t h t h e g r e a t e s t emphasis placed on PZT d i e l e c t r i c s .
F i g u r e 2 summarizes most of t h e compositions and dopants e v a l u a t e d t o d a t e , b u t does n o t i n c l u d e h i g h l e a d t i t a n a t e compositions which a r e r e - s i n t e r i n g . Powder p e . l l e t s were p r e s s e d a t 100-300 MPa, w i t h w a t e r o r PVA
as a b i n d e r . Higher forming p r e s s u r e s d i d n o t c o r r e l a t e w i t h f i n a l f i r e d d e n s i t y , and i n t r o d u c e d c r a c k s .
Lower forming p r e s s u r e s w e r e p r e f e r r e d .
P r e s s e d p e l l e t s were s e t o n c o a r s e z i r c o n i a powder i n a n alumina c r u c i b l e and surrounded b y -a n expendable m i x t u r e of PbZrO and PbO powders, which 3
provided a h i g h PbO a c t i v i t y i n t h e e a r l y s t a g e s of s i n t e r i n g (when PbO E l e c t r i c a l measurements s t a r t e d w i t h c a p a c i t a n c e and d i s s i p a t i o n f a c t o r a s a f u n c t i o n o f frequency t o determine i f t h e r e were any c o n t a c t r e s i s t a n c e problems. Three major e l e c t r i c a l t e s t s were made on most of t h e m a t e r i a l s : Composition Diagram f o r M a t e r i a l s P r e p a r e d i n t h e PSZT System.
Devonshire c o e f f i c i e n t (.f3) from t h e s l o p e 'of t h e i n v e r s e d i e l e c t r i c c o n s t a n t v e r s u s temperature p l o t . Representat i v e r e l a t i o n s h i p s a r e i l l u s t r a t e d i n F i g u r e s 3-8.
(
It i s a l s o import a n t a s a n e s t i m a t o r of 
t a n t i a t e d f o r p o l y c r y s t a l l i n e ceramics. T h i s i s probably due t o t h e ' d e s t r u c t i v e n a t u r e of t h e phase t r a n s f o r m a t i o n , and c r a c k i n g of s i n t e r e d compacts o n . c o o l i n g through T . Another problem i s t h e h i g h c o e r c i v e f i e l d . C Our work i n v e s t i g a t e d t h e p o s s i b i l i t y of r e d u c i n g t r a n s f o r m a t i o n s t r a i n e f f e c t s , r e d u c i n g c o e r c i v e f i e l d , and i n c r e a s i n g e l e c t r i c a l r e s i s t i v i t y . A d d i t i v e s i n c l u d e d Pb Ge 0 and PbO as s i n t e r i n g a i d s and boundary phase m a t e r i a l s 5 3 11
(< 10 w%), a s w e l l a s La 0 and Nb 0 a s s u b s t i t u t i o n a l d e f e c t compensators 2 3 2 5 
( < 5 m % ) . -S t r o n g ceramics were o b t a i n e d , which d i d n o t c r a c k on c o o l i n g w i t h D.F.'s < 4X. Howrvei:, t h e c o e r c i v e f i e l d s were h j e h and t h e spontaneous p o l a r i z a t i o n s low. The r e f r a c t o r y n a t u r e of t h e compensators made FIGURES 3-8.
Curie-Weiss Analysis of Modified PSZT Dielectrics
I k H z o heating
i t d i f f i c u l t t o o b t a i n t h e o r e t i c a l d e n s i t y . Additions of l e a d germanate c o n s i s t e n t l y showed a n optimum f i r i n g c o n d i t i o n of llOO°C, w i t h o v e r f i r i n g above t h i s p o i n t . PbO worked b e s t a s a d e n s i f y i n g agent a t 5 w/%, r a t h e r t h a n 1 w/%. A d d i t i o n a l t e s t s a r e planned w i t h B
. Rare E a r t h Titanonfobates.
A g r e a t d e a l of i n t e r e s t was g e n e r a t e d by a Ukranian a r t i c l e 8 o n r a r e e a r t h . t i t a n o n i o b a t e s . These m a t e r i a l s were complex c h a i n s of t i t a n i a - 
n i o b i a o c t a h e d r a w i t h i n t e r l e a v e d r a r e e a r t h o x i d e l a y e r s . Discharge measurement i n t o an e l e c t r o m e t e r i n d i c a t e d h i g h "spontaneous p o l a r i z a t i o n s " , e s p e c i a l l y f o r t h e c e r i a , t e r b i a , and lanthanum v a r i e t i e s . W e s y n t h e s i z e d c a l c i n e d powders of t h e t h r e e most attra.c.i:ive m a t e r i a l s , X-ray d i f f r a c t i o n p a t t e r n s 'agreed w e l l w i t h accepted
E l e c t r i c a l measurements i n d ic a t e d no f e r r o e l e c t r i c h y s t e r e s i s l o o p s f o r any o f t h e s e m a t e r i a l s . The d i e l e c t r i c s t r e n g t h s were h i g h , w i t h LaTiNb06 h o l d i n g a f i e l d of 60 ~v a c / c m f o r s e v e r a l days w i t h o u t breakdown. Weak f i e l d d i e l e c t r i c measurements showed
a c o n t i n u i n g i n c r e a s e i.n D.F. w i t h temperature, and C u r i e p o i n t s were not i d e n t . i f i . e d . ' The materials do n o t seem t o b e f e r r o e l e c t r i c i n t h e s e n s e of h a v i n g a r e v e r s i b l e component of p o l a r i z a t i o n , and a d i e l e c t r i c anomaly.
:
Other T a n t a l a t e s and Niobates
S u b s t i t u t e d t a n t a l a t e s and n i o b a t e s were s i n t e r e d i n a i r w i t h t h e aim of r e d u c i n g t h e
Curie p o i n t t o l e v e l s u s a b l e i n a h e a t engine. . KNbo3
(Tc " 418OC) and LiTa03 (Tc -618OC) were doped w i t h i o n s t o reduce t h e curie' p o i n t . A l l t h e IWO ceramics crumbled o r appeared m o t t l e d a f t e r 3 f i r i n g . LiTaO ceramics appeared t o be mechanically sound and dense with 3 16% l i n e a r s h r i n k a g e . . However, even t h e d e n s e s t LiTaO composition had 3
'Work c u r r e n t l y i n p r o g r e s s on h o t p r e s s i n g n i o b a t e s and.
t a n t a l a t e s i n d i c a t e s improved s t a b i l i t y and d e n s i f i c a t i o n .
B.
Out of Flouse M a t e r i a l s
M a t e r i a l Uniformity Study
A q u e s t i o n of t h e u n i f o r m i t y of v a r i o u s ceramics was r a i s e d d u r i n g a r e c e n t review of t h e p r o j e c t . To t e s t t h e u n i f o r m i t y , a s e r i e s of s i x s l i c e s were t a k e n from two Motorola PSZT ceramic b o u l e s , and t h e weak f i e l d C u r i e point. rnea~xred. p r e c i s e l y f o r each of the s l i c e s . Experimentally, i t w a s found n e c e s s a r y t o make t h e measurements i n a temperature s t a b l e s i l i c o n e o i l b a t h . The r e s u l t s a r e r e p o r t e d i n Table 1, and i n d i c a t e good u n i f o r m i t y throughout t h e boule. When compared w i t h measurements r e p o r t e d l a s t y e a r
from a n o t h e r b o u l e of t h e same m a t e r i a l , t h e s e v a l u e s of weak f i e l d Curie p o i n t , a r e i n good agreement.
. Thin Film R e s u l t s Thin f i l m s of EZT s p u t t e r e d a t Ames
Laboratory were e v a l u a t e d .
X-ray d i f f r a c t i o n a n a l y s i s i n d i c a t e d l i t t l e c r y s t a l l i n i t y . w i t h i n t h e f i l m s .
The accepted development of a p e r o v s k i t e s t r u c t u r e i n s p u t t e r e d f i l m s gene r a l l y proceeds . a s an amorphous/pyrochlore/perskovite t r a n s f o r m a t i o n , w i t h
. I 6 i n c r e a s i n g s u b s t r a t e t e m p e r a t u r e , a n n e a l i n g t i m e , and t h i c k n e s s . dominated b y ' c o n d u c t a n c e l o s s r a t h e r t h a n displ-acement of p o l a r i z a t i o n charge Should l a r g e q u a n t i t i e s of m a t e r i a l b e needed f o r a demonstrable e n g i n e s of s e v e r a l KW, t h e n c o n s i d e r a b l e improvements must b e made i n t h i n l a y e r technology. The method of t a p e -c a s t i n g i s a n t i c i p a . t e d . 
INTRODUCTION
A new type of heat engine was disclosed in 1975 by J. E. ~rummond,' in which the working substance was not a gas or fluid (as ir. the conventional' type of heat engine), but a ferroelectric dielectric operating around its Curie temperature. It was claimed that high conversion efficiencies could be expected for the proposed solld state heat engine, if Carnot cycles were used in.conjunction with multistage converters. This would realize improvements over previously reported attemptsz3' to directly convert thermal energy into electric power by ferroelectric heat exchangers. At or about the same t.i~rte, otlter investigators were involved with the choice of ferroelectric materials for energy converters4 and the concept of extracting heat by.multistage ele~ner.ts.~ This paper is concerned with an evaluatidn of possible candidates for dielectric power conversion systems.
The basis for energy conversion is the electrocaloric'effect that occurs in all dielectrics that exhibi,t a temperature dependence of susceptibility. The effect is particularly significant at ferroelectric transitions, especially when the spontaneous polarization is field enforceable. Ferroelectric insulators with high transition temperatures, spontaneous polarizations and electrocalorkc coefficients are initial candidates for d:ieJ.ectric power conversion systems. Also, thermal impedence should be low., and materials with lm specific heats (c) and density ( p ) are especially required. This paper is concerned with estimates of conversion efficiency (n) based upon a proposed figure of merit (i.1)'s6, .
Transition Temperature
MATERIALS
The figure of merit M, which is an approximate solution of conversion efficiency, is dependent on the following material parameters:
(i) It is directly proportional to 6, the inverse Curie constant,.which is related to lattice softening and is thus relatively constant for materials of the same structure type and elastic pr~per~ies. 6 values will not change significantly within a family of materials (e.g., perovskites), even though Ps and Tc may vary considerably.
(ii) ~he'figure of merit M depends directly upon the square of the spontaneous polarization (pi). Carnot efficiency also becomes greatest at high operating temper-.atures and thus the initial search for candidate materials was concerned with those materials which had high values of Ps and Tc. Unfortunately, there is a lack of information in the literature on values.of P, at Tc. Therefore, we took as a first appr~xlma~inn va111e.s o f Ps at room temperature. Recognizing the limitation, we summarize in Fig. 1 z i r c o n i u m t i t a n a t e (PZT) s o l i d s o l u t i o n s , c o n t a i n i n g t i n (PZST) and lanthanum (PLZT). .-The a r r o w on PbTi03 i s f o r t h e u n c e r t a i n t y t h a t e x i s t s i n t h e l i t e r a t u r e f o r Ps measurements and c a l c u l a t i o n s .
( i i i ) The r e m a i n i n g p a r a m e t e r i n t h e f i g u r e of m c r i t i s t h e i n v e r s e dependence on h e a t c a p a c i t y a t c o n s t a n t p o l a r i z a t i o n (Cp) which can b e minimized by c o n s i d e r i n g l e s s d e n s e m a t e r i a l s l i k e o r g a n i c f e r r o e l e c t r i c s .
However t h e s e m a t e r i a l s h a v e l o w e r Ps and Tc v a l u e s t h a n t h e p r e v i o u s l y mentioned c e r a m i c s . S t a b i l i t y c o u l d b e a n a d d i t i o n a l problem f o r o r g a n i c f e r r o e l e c t r i c s , e s p e c i a l l y w i t h r e s p e c t t o t h e r m a l d e c o m p o s i t i o n and d i s s o l u t i o n i n h e a t exchange media. These problems a s i d e , we .' e v a l u a t e f i g u r e s of m e r i t £rum m a t e r i a l c o n s i d e r a t i o n s .
ESTIMATES OF EFFICIENCY E s t i m a t e s o f c o n v e r s i o n e f f i c i e n c y were c a l c u l a t e d from m a t e r i a l p a r a m e t e r s and a r e l i s t e d i n T a b l e 1. The l a s t two columns r e p r e s e n t u p p e r ( a a , ) and lower (nmin) bounds, d u e t o t h e t e m p e r a t u r e dependence of s p o n t a n e o u s p o l a r i z a t i o n and s p e c i f i c ' h e a t . I f d a t a a t t h e t r a n s i t i o n t e m p e r a t u r e were u n a v a i l a b l e , v a l u e s a t t h e n e x t b e s t t e m p e r a t u r e were t a k e n .
(That i s , t h e t e m p e r a t u r e g i v e n i n p a r e n t h e s e s . )
Ceramic m a t e r i a l s h a v i n g t h e h i g h e s t p o l a r i z a t i o n s and e f f i c i e n c i e s were LiTaO3, LiNbO3, and Pbl:i03. T h e i r r e s p e c t i v e e f f i c i e n c i e s were 0 . 7 , 3.4, and 6.1% p e r l a y e r . I f a.. more r e a l i s t i c v a l u e of 0 . 5 c/m2 were taken f o r PbTi03 ( r a t h e r t h a n 0.81 c / m 2 ) , t h e e f f i c i e n c y would drop from 6.1% t o 2.3%: Aside from PbTiOa, o t h e r p e r o v s k i t e s s t u d i e d , included BaTi03, I(Nb03, KTN, and PZT s o l i d s o l u t i o n s . . T h e i r e f f i c i e n c i e s were l o w e r , mainly because of lower Ps v a l u e s . I n t h e t u n g s t e n bronze f a m i l y , barium sodium n i o b a t e (BNN) and barium s t r o n t i u m n i o b a t e (BSN) appeared t o be t h e most promising c a n d i d a t e m a t e r i a l s .
High p o l a r i z a t i o n s pkr s e a r e n o t t h e only c r i t e r i a f o r c o n v e r s i o n e f f i c i e n c y .
I n s e v e r a l c a s e s , m a t e r i a l s compensate f o r low Ps w i t h h i g h B c o e f f i c i e n t s and low d e n s i t i e s . Examples i n c l u d e KDP w i t h an %ax of 6.1% and NaN02 w i t h 1 . 2 % . However, b o t h m a t e r i a l s e x h i b i t h i g h f i r s t -o r d e r Aano:malies.in s p e c i f i c h e a t a t t h e t r a ns i t i o n t e m p e r a t u r e , and e f f i c i e n c i e s could d e c r e a s e by orders-of-magnitude. T h i s i s i l l u s t r a t e d i n column 3 of Table 1 .
COmlENTS AND SUMMARY
S o l i d -s t a t e h e a t e n g i n e s w i l l probably be equipped w i t h p o l y c r y s t a l l i n e d i -. e l e c t r i c l a y e r s , . s i n c e problems i n s i n g l e c r y s t a l . growth a r e extremely d i f f i c u l t a t t h e p r e s e n t t i m e , e . g . f o r PbTi03. For t h e s e and o t h e r p r a c t i c a l r e a s o n s , experiments were c o n c e n t r a t e d on t h e b e s t commercially a v a i l a b l e m a t e r i a l s . One of t h e s e was PLZT, which could b e hot-pressed i n t o l a r g e diametqr forms. U n f o r t u n a t e l y , t h e d i e l e c t r i c t r a n s i t i o n s were t o o broad,. g i v i n g low f3 v a l u e s . Sharper t r a n s i t i o n s were found i n t h e PZT 9515 system. Additions of t i n o x i d e gave PZST compositions w i t h a wide range of t r a n s i t i o n t e m p e r a t u r e s , p e r m i t t i v i t y maxima, c o e f f i c i e n t s , and f i e l d e n f o r c e a b l e e f f e c t s .
For example, h y s t e r e s i s measurements on one p a r t i c u l a r composition i n d i c a t e d ' a f e r r o e l e c t r i c -a n t i f e r r o e l e c t r i c . t r a n s i t i o n a t 130°C t h a t was f i e l d e a t o r c e a b l e up t o 150°C, t h a t i s , over a 20°C range of t e m p e r a t u r e . T h i s f i e l d e n f o r c e a b l e . temperature d i f f e r e n t i a l was t a k e n a s a n i n d i c a t o r of t h e t e m p e r a t u r e .range of o p e r a t i o n , and of a l l t h e m a t e r i a l s t e s t e d by Power Conversion Technology, t h i s gave' t h e g r e a t e s t e l e c t r o c a l o r i c response! E s t i m a t e s of ' c o n v e r s a t i o n e f f i c i e n c y were l e s s t h a n t h o s e p r e v i o u s l y s t a t e d , p r i n c i p a l l y due t o lower v a l u e s of P, i n commercially a v a i l a b l e m a t e r i a l s . The most promising m a t e r i a l s were t h o s e i n t h z PZST system where t r a n s i t i o n temperatures were a d j u s t a b l e , s w i t c h i n g s p e e d s f a s t enough, and e l e c t r o c a l o r i c cooli.ng t h e l a r g e s t measured t o d a t e .
